Abstract
Introduction

Stem cells, such as embryonic stem cells (ES cells) and somatic stem cells, are characterized by their ability to both self-renew and differentiate into specific cell lineages. These cells may have potential use in regenerative medical therapies, and tissue engineering is a key component of regenerative products. In particular, bone marrow derived human mesenchymal stem cells (hMSCs) represent an appealing source of adult stem cells for cell therapy and tissue engineering. hMSCs have been isolated from multiple sources, including bone marrow, umbilical cord blood
and adipose tissue [2] , and can be easily obtained and expanded ex vivo under appropriate culture conditions [3] . In addition, multipotent hMSCs can be selectively differentiated into various cell types such as osteocytes [4] , chondrocytes [5] , myocytes [6] and adipocytes [7] . Thus, the hMSCs have great potential for use in a variety of clinical applications. The beneficial effects of hMSCs have already been tested in the treatment of graft-versus-host disease [8] , regenerative therapy such as improvement of organ function after injection of autologous and allogenic stem cells to 73 
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injured sites [9, 10] and treatment of osteogenesis imperfecta in children [11] .
On [12, 13] . Therefore, it is recommended to avoid unnecessary additional subculturing of these cells.
It was previously reported that culturing under hypoxic conditions enhances cell amplification [14] [15] [16] 
Materials and methods hMSCs isolation and culture
Bone marrow (1-5 ml) [20] . [23] , and is considered a normal polymorphism.
Estimation of the number of propagating hMSCs
Hypoxic culture enhances the amplification of hMSCs
One example (donor #100) of hMSCs amplification curves in the two culture conditions is shown in Figure 2A . In almost all cases tested hMSCs cultured under hypoxic conditions reached a higher cumulative PDL than those under normoxic culture conditions at later passages (Fig. 2B) [24] . Although enlarged cells were observed, it is unclear whether the hMSCs were shifting to a state of senescence (Fig. 1B) . It was also previously reported that the number of cell divisions is closely related to donor age: donor age is negatively correlated with proliferative potential [25, 26] [27, 28] , whereas some recent studies have found that hMSCs retained chromosomal stability following long-term culture in vitro [19, 29, 30] . In addition, it has been reported that the probability of spontaneous chromosomal aberrations in ES cells was decreased in low oxygen, or such aberrations were not detected at all [31, 32] , whereas hypoxic environments have shown to increase mutation frequencies in cancer cell lines, and trigger genomic rearrangements [33, 34] . In this study, we confirmed that the frequency of karyotypic aberrations of hMSCs derived from the same donor throughout ex vivo expansion was significantly increased with hypoxic culturing (Fig. 3) . We analysed some possible factors influencing genomic stability and estimated their impact using logistic regression analysis ( [14, 32, 36] , and has a significant impact on differentiation in human ES cells and adult stem cells [37, 38] . Some of the mechanisms by which low oxygen influences stem-cell behaviour have been elucidated [35] . For example, hypoxia-inducible factor (HIF) has been shown to modulate specific stem-cell effectors that control stem-cell proliferation, differentiation and pluripotency [35, 39] [42, 43] and that these rearrangements occur frequently at CFSs [44, 45] . Hypoxia is known to be an important parameter of the tumour microenvironment, and it was previously reported that low oxygen enhances chromosomal instability at fragile sites [33, 34] [52] . Thus, especially in the field of regenerative medicine, concrete and specific standards, and governmental support systems, are necessary to promote their production [53] . We hope that our results will contribute to guidelines for regulating the manufacturing process of ex vivo cell expansion, and assist in the further application of stem-cell-based regenerative materials. 
Fig. 2 Calculated cumulative cell divisions of hMSCs cultured from passages 0 to 7, under hypoxia (5% O2) and normal conditions (20% O2). (A) PDL curves of hMSCs under the two culture conditions. Cumulative numbers of cell divisions (shown as PDL) are shown for one example grown until passage 7 (donor #100). Each symbol represents a single time-point of subculturing. (B) Correlation between cumulative PDL and passage number under the two different oxygen conditions. Results illustrate population doublings during the expansion time in different culture conditions as described in 'Materials and methods'. hMSCs cultured under hypoxic culture (ϫ) showed a significantly higher rate of proliferation than hMSCs under normal conditions (᭺) (P ϭ 0.0005). (C) Comparison of the estimated number of proliferative hMSCs from all samples cultured in the two oxygen conditions. hMSCs propagated rapidly under hypoxic culture, and the estimated number cultured in hypoxia was approximately 2.5 times that of cells cultured under normal conditions at passage 3 (**P Ͻ 0.01).
Fig. 3 Comparison of change in chromosomal aberrations under two different culture conditions. (A) Kaplan-Meier plot showing the aberration-free survival of hMSCs cultured under normoxic (solid line) and hypoxic (dotted line) conditions (log-rank test; P ϭ 0.032). The end-point was
